A re view is undertaken of various methods of assessment of trophic state in lakes and reser voirs.
INTRODUCTI ON
Plant growth relies on the availability of at least nineteen elements (nutrients). �Iost of these are required in trace amounts.
Ox ygen, carbon, nitrogen and phosphorus are required in larger amounts. Insufficiency of any one of these nutrients leads to growth being limited by that element.
In most aquatic systems, the limiting nutrient is found to be either phosphorus (OECD, 1982) or, to a smaller degree, nitrogen; although carbon and light limited systems do occur, sometimes associated with hea vily culturally influenced systems.
In a phosphorus limited ecosystem, reduction in phosphorus le vels leads to a restriction of plant growth -a condition where it can be considered that the eutrophication process is being retarded or even re versed.
In culturally eutrophied systems this can be achieved by installation of phosphorus remo val at the wastewater treatment plants in the area; by sewage di version schemes (see e.g. Ryding , 1981 ) and, in some cases, by reducing the amount of polyphosphates in detergents:
a major source of plant nutrients since the poly phosphates are very soluble in water. (Godfrey(1982) suggests that in Lake Cayuga, phosphates in detergents are likely to have been the major cause of increased eutrophy in the lake over the last forty years) .
The complex nature of an ecosystem often results in the im possibility 653 of assessing future trends in trophic state by simple inspection. Instead models will be used to try to predict future paths. The parameters for inclusion will depend upon the use desired of th e model e.g. predicting hypolimnetic oxygen concentrations, algal growth rates.
Often the solution will be dependent upon the selection of values for se veral rate constants in the model ecosystem.
This process of "tuning" may result in a restricted utility of the model:
either to a particular climatological regime or a specif ic lake.
PHOSPHORU S
Phosphorus is present in the algal cell material in many compounds, the most important being orthophosphate.
Other chemical forms can be identified:
for example, TP total phosphorus di vided into (i) PP (total) particulate (or insoluble) phosphorus [also referred to as suspended P or sus. P: or sestonic p] and (ii) SP (total) soluble phosphorus [also referred to as total dissol ved P, TDP].
SP may then be di vided into (i) SRP soluble reactive phosphorus [also referred to as soluble inorganic P (SIP)] and (ii) SUP soluble unreactive phosphorus.
'Hi thin the ecosystem, se ven biologica lly separabl e components of phosphorus may be identified on the larger scale: orthophosphate (the most readily assimilated form for the phytoplankton), dissol ved organic P, bacterial P, detrital P, phytoplankton P, zooplankton P and fish P.
In practice either a biological or a chemical di vision of phosphorus into components may be used -or sometimes a combination of the two approaches.
PHOSPHORUS MODELS
Phosphorus models may be di vided broadly into two classes: those which consider the lake as a blackbox and deal only with inputs, outputs and the total phosphorus mass in the lake:
and those in which differential equations represent rates of change of phosphorus at different spatial locations and of different fractional forms. Each class may contain steady state models, seasonal models or annual models: models which include exchanges with the sediments, well mixed models and multi-box models.
As before, the utility of each model depends upon the question to be answered together with a statement of uncertainty with which the model predictions are made.
Input-Output Models
Input-output models are often based on the original work of Vollenweider(1969) .
Based on data from only 20 lakes, he found a correlation between annual areal nutrient loading and the mean lake depth for a gi ven trophic state of the lake.
In this model it is assumed that: i) the input phosphorus is immediately mixed through out the lake (ob viously inapplicable during the summer stratification -on the annual timescale howe ver this limitation produces no immediate problems):
ii) the outflow concentration is equal to the concentration prevailing in the lake:
iii) the sedimentation rate of phosphorus is proportional to its concentration: iv) seasonal fluctuations in loading may be neglected. The model is thus most applicable for calculations of the steady state or year-to-year changes.
The steady state solution gives the mean total phosphorus concentration (total p!30sphorus = soluble phosphorus + particulate phosphorus), P, in g m -(often identified with the concentration at the time of the spring overturn) as (l) where L is the phosphorus loading in g m -2 yr -l , z is the mean lake depth in metres, r s the sedimentation rate coeffic ient as a fraction of the total annual phosphorus deposition (yr -) and r f is the replenishment coefficient or hydraulic flushing rate (yr -l ).
Of these parameters only r s is difficult to measure.
A more easily measured parameter is the retention coefficient, R c . Introducing this into equation 1 gives (Dillon and Rigler,1974b) (2 ) An alternative approach is to parametrise the mass balance equation (from which equation 1 has been derived) in terms of an apparent settling velocity, v s . In this approach, the deposition rate becomes a function of the bottom surface area. The steady state phosphorus concentration P is then given by
where V s is in m yr -l , t is the hydraulic detenti�n time (= l/r f ) and q s = zit defines the surface overflow rate (m yr -).
These three mode 1 s (equations 1,2 and 3) are compared by Reckhow(1979) who shows that there exist the following relationships between the parameters:
The model was used by Dillon and Rigler(1974a) for oligotrophic and mesotrophic lakes in Southern Ontario; they found high correlations (r -0.85) between predicted and actual phosphorus values. Further investigations by Dillon(1975) and �irchner and Dillon(1975) suggested that a reasonab Ie mode 1 (r =0.94) for the retention coefficient, R c ' is
This permits a new model to be defined using equations 2 and 5 -and is hence known as the "Di lIon-Rig ler" or "Di lIon-Rig ler-Kirchner" model (Reckhow,1979) . [It is worth noting that the coefficients of equation 5 were reassessed by Reckhow and Chapra(1979) using a least squares non-linear regression algorithm. They advocate using the equation:
These models imply that the phosphorus concentration can be decreased by increasing the annual sedimentation rate (for example, Frisk(1981) suggests using a sedimentation rate proportional to the square of the concentration) or the flushing rate, although the advantages of a higher flushing rate are partially negated by the accompanying decrease in R c (Le. increase in l-R c ).
Input-output models such as these are discussed in detail by Vollenweider (1975) and Reckhow(1979) . Vollenweider points out that the .model neglects the possibility that there may be an internal phosphorus loading (from the sediments) and suggests that a modified model should be used in which the loading is plotted, not against mean depth, but against z/ t w ' where � is the mean residence time of the water (see Figure 1) . The solution sought is that of a criterion for trophic state for a lake of given annual phosphorus loading, mean depth and hydraulic residence time.
The trophic states indicated in Figure 1 are really a continuum from oligotrophy to eutrophy. Figure 2 illustrates that for a given loading, there should be an associated probability for each of the trophic states. Probabilistic classification for establishing trophic classes (after Ravera, 198 1) Defining a "critical" level, which may be needed as part of the water quality legislation, thus cannot be done easily. The concept of critical loading is thoroughly discussed by Vollenweider(1976) and a new mo�el is developed to give L crit in terms of the hydraulic load,
Vollenweider's models of the input-output type appear well validated in terms of temperate zone lakes. However to gain a wider use and acceptance it is necessary to validate the models for lakes in other climatic regions. Some progress towards this has been made in South Africa by Toerien and Wa lmsley (197 5) where the eutrophied Hartbeepoort, Roodeplaat and Rietvlei Dams are found to be placed well above the critical load curve -see Figure 1 .
The critical phosphorus loads which are necessary in order to classify lakes or reservoirs as eutrophic or oligotrophic have been derived largely by inspection and classification of reservoirs of identifiable trophic state. Four parameters may be identified as basic: chlorophyll-a, Secchi disc depth, total phosphorus and hypolimnetic dissolved oxygen .
Mean annual loading rates have been used in a phosphorus management model (Chapra, 1977) to analyse the recovery of lakes subsequent to varying management strategies.
He solved a differential equation for the mass balance of a completely mixed lake. For the special case of a steady state solution he found this to be equivalent to the Vollenweider model. Based on Great Lakes' data, Chapra deduced a value for the apparent settling velocity, v, of 16 m yr -l -higher than that deduced by Vollenweider (1976) of 11.6 + 3.9 m yr -l • Chapra uses this approach to evaluate different management schemes for the Great Lakes.
As a further specific example it is interesting to apply these ideas to Hartbeespoort Dam (R SA) for two twelve month periods: February 197 3 -January 197 4 and February 197 4 -January 197 5.
Using typical values given by Toerien and Walmsley(1978) , values for v are 7.57 m yr-l and v = 12.93 m yr -l ; of the same order as values for the Great Lakes. The steady-state p�osphorus concentration is found to be 0.69 g m -3 (1973) and 0.95 g m - (1974) . Observed values were found to be of the order of 0.6 g m -3 (Toerien and Walmsley,1978) , probably indicating a relatively small overestimate by the model. Model comparisons. Mahamah and Bhagat (1982) analyse four empirical models:
those of Kirchner and Dillon (1975) , Dillon and Kirchner (1975) , Jones and Bachman (1974) and Walker (1977) .
The first of these gives the mean phosphorus concentration using equation 2. Similar equations are presented for the other models as, respectively,
These models provide four "variations on a theme" with varying definitions of phosphorus retention and settling velocities. The models were tested on 22 western U.S. lakes and reservoirs. The resul ts of r;lahamah and Bhagat (198 2) showed a wide discrepancy both between observed and predicted phosphorus concentrations ( Figure 3 ) and between models. using the total phosphorus loading curves originally described by Vollenweider, discrepancies were noted between the model results and the classification (into eutrophy, mesotrophy or oligotrophy) afforded to these lakes by the USEPA National Eutrophication Survey. Assuming this latter survey to be "correct", Mahamah and Bhagat (198 2) conclude that the models mis classify between 23 and 35% of the lakes studied.
It should however be noted that these lakes were "specially selected" and that the restricted applicability (to the temperate USA and Canada) of such studies has been in no way extended. 'l'his, they state, will be a further research goal. Observed and computed total phosphorus levels for four models (after Mahamah and Bhagat, 198 2) A similar investigation is presented by Mueller (198 2) who compares the models of Vollenweider(1975) , Jones and Bachman(1974) , Dillon and Rigler(1974b) , Kirchner and Dillon (1975) and Vollenweider (1976) . using data from 68 western United States reservoirs he recommends the Dillon-Rigler model for existing reservoirs and the Vollenweider(1976) model for proposed reservoirs; whilst suggesting that parameters calibrated for lakes need reassessment for application to reservoirs.
Multi-Layer Models
To study seasonal variations it is necessary to formulate a model using at 1 east two compartments -corresponding to the epi 1 imnetic and hypolimnetic water masses. Imboden (1974) developed a two-box model in which the phosphorus is partitioned between soluble and particulate phosphorus. Two differential equations are formulated to describe the P fraction transformation rates.
The model has two modes of operation -Summer stagnation (2 layers) and Winter circulation (1 layer).
As with any temperature model which is similarly formulat.ed, this is somewhat unrealistic, especially during the Spring warming period.
A similar approach is adopted by Snodgrass and O'Melia (1975) .
They stipulate a stratification period of exactly six months when the hypolimnion is assumed to remain oxic (a supposition not supported by many observations).
Inputs of phosphorus from the sediments are neglected.
Useful guidelines are given for utilization of such a model for management purposes. Further development of multilevel phosphorus representation as part of conceptual stratification/water quality computer models is to be encouraged .
MODEL APPLICATIONS
The model application of Bradford and Maiero (1978) is worth discussing in detail with its emphasis on reservoir management. The case study examined was a proposed earthfill dam on the Delaware River near Tocks Island, New Jersey in respect of probable eutrophic state.
Two models were used -the two compartment model of Imboden (1974) and the input-output model of Dillon (1975) .
The former model gives hypolimnetic oxygen demand �0 2 as
This is the decrease in hypolimnetic DO over a sta ¥ nation period of T st days with a phosphorus loading of L t g m -2 yr -. This eQuation permits the onset of eutrophy to be defined as LS02 = 5 mg 1 -1 per 90
days (Bradford and Maiero, 1978) . Even with the lowest estimate of phosphorus load, the calculations suggested that the proposed lake would be eutrophic. These conclusions were then tested by the Dillon model which gives phosphorus concentration at spring overturn (equation 2). These conclusions permitted Bradford and Maiero (1978) to suggest that 95% P removal should be implemented at the four largest wastewater treatment plants in the area and that a significant amelioration could be achieved by decreasing non-point sources (especially agricultural) by 50%.
(The N. Y.State ban on phosphate detergents may well become an im portant factor here).
A similar study of a proposed impoundment was undertaken by Effler et ale (1982) using the models of Dillon and Rigler (1975) and Lorenzen et ale (1975) .
The two models gave similar results and they were able to calculate an anticipated total � hosphorus (at spring overturn) concentration of over 0.020 mg 1 --a value indicating eutrophic conditions.
TROPHIC STATE INDICES
Use of these models can predict/simulate the quality characteristics of the water body.
An assessment of the "trophic state" or "trophic index" may need to be made based on such an appraisal. Chlorophyll-a concentration (Cl ) has been used for many years as a direct indication of trop'hic state. Jones et al.(1979) summarise five definitions of oligotrophic, mesotrophic and eutrophic boundaries. Although there is considerable overlap, olig � troPhic lakes usually have chlorophyll-� concentrations � 5 pg 1-whilst in eutrophic water bodies the value is commonly greater than about 6 pg 1 -1 The epilimnetic value of Cl under summer conditions has been related (Vollenweider,1976) to piiosphorus loading normalised by mean depth and hydraulic residence time:
a relation supported by Rast and Lee's (1978) work in U.S. water bodies.
These authors also found a relationship between summer CI a and mean summer Secchi disc depth. These discussions have centred on mean summer values of CI a : however Jones et al .(1979) point out that the maximum summer Cl concentrations are those related to most adverse conditions of alga t bloom and hence they derive a regression relationship between maximum and mean summer CI a values in the epilimnion.
A more extensive set of trophic boundaries is suggested by OECD ( 1982 ) in terms of fixed boundaries for five trophic state indicators; but these are not intended to be applied rigidly. However they can be used by reservoir managers with little limnological training. A more sophisticated system includes a probability distribution for each trophic class ( OECD,1982 -see Figure 2 ).
A more detailed index was suggested by Shannon and Brezonik ( 1972 ) based on 7 indicators which were used in a multivariate analysis. Reckhow ( 1979 ) notes that the index was developed from a data base of Florida lakes only and cannot therefore be recommended for use in other climatic regimes ( e.g. north temperate lakes ). However lake management is aided by a simple index. A review by Porcella et al . ( 1980 ) suggests that the Lake Evaluation Index ( LEI ) is appropriate 
( correcting a typographical error in the original reference ) and where T = min ( TN,TP ). A study of Shagawa Lake, Minnesota, over the period [1971] [1972] [1973] [1974] [1975] [1976] showed no significant change in the LEI whereas differences were noted over the period [1977] [1978] in Medical Lake, Washington .
Gliwicz and Kowalczewski ( 19 81 ) point out that although indices utilising chlorophyll-a may be good indicators of epilimnetic trophic state they may not be -as useful for the overall lake. A better indication, especially in weakly stratified large lakes, may be the hypolimnetic oxygen consumption.
For the epilimnion they used Carlson's ( 1977 ) Secchi disc index, SDI, whereas for the hypolimnion they used an oxygen deficit index, ODI. Consideration of both these indices permits Gliwicz and Kowalczewski ( 1981 ) to conclude that in the lakes studied a rapid hypolimnetic eutrophication occurred irrespective of lake size and that all the lakes had undergone accelerated eutrophication since 19 50.
An evaluation of fourteen different trophic state indices based on phytoplankton characteristics by Sullivan and Carpenter ( 19 82 ) suggests that many of these commonly used biological indicators are inadequate by themselves. Only two indices were found to be useful: a genus index; and the concentration of the most abundant taxon. However the integrating capability of a biological index should permit these to make a useful contribution to an overall index.
A study of a deep storage reservoir in central Texas by Hannan et al. ( 1981 ) was undertaken using 22 separate criteria ( both biological and chemical ). The reservoir ( Canyon Reservoir ) was classified as oligotrophic by 11 indices, mesotrophic by 4 and eutrophic by 7 indices. This study thus suggests that use of a single criterion may be unwise. Hannan et al . ( 1981 ) also stress that these results were applicable to the reservoir during a year of high flow and that under different hydraulic conditions the nutrient input and organic cycling rates are likely to be altered sufficiently for the evaluation of the trophic indices to have a different result.
SUMl'lARY
Of the trophic state indices and eutrophication models presented here, it is evident that chlorophyll-a, phosphorus, hypolimnetic oxygen and turbidity play an important role and that the difficulty lies in the amalgamation of these different quality characteristics consistent with the classification that would otherwise be afforded to the lake .
The importance of incorporating more biological
indicators of water quality in trophic state indices would appear to have been underestimated. Further conceptual model investigations and parametrisations should be encouraged .
